Introduction
Genistein is a soy-derived isoflavone, having a heterocyclic diphenolic structure that mimics estrogen, which has shown potent antitumor activity against various human cancer cell lines and xenograft systems of human tumors, suggesting a potentially effective tumor-suppressive agent [1] [2] [3] [4] [5] [6] . The mechanism, however, behind its anticancer activity is not yet fully understood. In this report, we attempt to elucidate the mechanisms behind genistein-induced apoptosis using human breast cancer MCF-7 cells.
Genistein has been shown to modulate cell growth through inhibitory and/or stimulatory interactions with estrogen receptors (ERs) [7, 8] . Genistein possesses dosedependent agonistic and antagonistic properties with respect to cell growth; estrogen-like proliferative activities at low (nanomolar) concentrations and antiproliferative activities at higher (micromolar) concentrations [9, 10] . Genistein also possesses antiangiogenic and antimetastasic properties and antioxidant activities [11] [12] [13] . In addition, genistein has been shown to modulate genes that regulate cell proliferation, cell cycle, apoptosis, oncogenesis, transcription regulation, cancer cell invasion and metastasis [14] [15] [16] [17] .
Genistein showed different effects against breast cancer cells depending on the concentration and cell types (ER positive and negative cells) [18] . In the absence of endogenous estrogens, low concentrations of genistein (1 nmol/l to 1 mmol/l) stimulated the growth of ERpositive MCF-7 cells, whereas no activity was observed against ER-negative breast cancer cells such as MDA-MB 468 and HBL. At high concentrations ( > 10 mmol/l) of genistein, the growth of MCF-7 cells at G 2 /M phase was significantly arrested through protein regulation and mRNA expression of cell cycle-related genes [19, 20] . A recent report showed that genistein induced the depletion of endoplasmic reticulum Ca 2+ stores to cause the increase of intracellular Ca 2+ concentration, resulting in the activation of Ca 2+ -dependent proapoptotic protease m-calpain and caspase 12 [21] .
Intracellular Ca
2+ is implicated in the induction of apoptosis and regulation of the apoptotic signaling kinase 1 (ASK1)-p38 mitogen-activated protein kinase (MAPK) cascade [22, 23] . ASK1 is a MAPK kinase kinase family member that activates MAPK kinase 3/6-p38 MAPK and stress-activated protein kinase kinase 1 (SEK1)-c-Jun Nterminal kinase (JNK) signaling cascades [24] [25] [26] . ASK1 has been suggested to be a key element in endoplasmic reticulum stress-induced cell death and hydrogen peroxide-induced apoptosis [27, 28] . ASK1 was shown to play a critical role for induction of apoptosis in various cytotoxic stresses such as tumor necrosis factor, Fas and reactive oxygen species (ROS) [27, 29] .
The family of MAPK plays a central role in the signaling pathways of cell proliferation, differentiation, survival and apoptosis [30, 31] . Major enzymes belonging to this family are extracellular signal-regulating kinase 1/2 (Erk1/2 or p44/42 MAPK), JNK and p38 MAPK, which are activated in response to a variety of extracellular stimuli. Erk1/2 is predominantly activated by mitogens through a Ras/Raf/ MEK signaling cascade leading to cell growth and survival. JNK and p38 MAPK are preferentially activated by proinflammatory cytokines and oxidative stress, resulting in cell differentiation and apoptosis [32, 33] . The activation of JNK and p38 MAPK pathways leads to phosphorylation of various proapoptotic downstream effectors. Herein, we report an investigation on molecular mechanisms involved in genistein-induced apoptosis of MCF-7 cells.
Materials and methods

Cell and cell culture
Human breast cancer MCF-7 cells were obtained from KCLB (Korean Cell Line Bank), and were cultured in Dulbecco's modified Eagle's minimum media (DMEM; Invitrogen, Carlsbad, California, USA) supplemented with 10% FBS (Invitrogen) and 1% penicillin-streptomycin solution (Sigma, St Louis, Missouri, USA) at 371C in a 5% CO 2 incubator. All experiments were performed on six-well plates, unless noted otherwise. MCF-7 cells were seeded onto six-well plates at a density of 1 Â 10 6 cells per well and incubated for 24 h before the experiment. Cells were washed with phosphate-buffered saline (PBS, pH 7.4), and treated with fresh media containing different concentrations of genistein (Sigma) dissolved in ethanol and dimethylsulfoxide (DMSO) (1:1 v/v). The vehicle control only received ethanol and DMSO (0.05%, 1:1 v/v).
Cell growth inhibition study using the MTT assay Cell growth inhibition by genistein was analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, MCF-7 cells cultured overnight on 96-well plates were washed with PBS, media containing different concentrations of genistein were added, incubated for 24 h, was added 10 ml of MTT from a stock solution (5 mg/ml), and incubated for an additional 4 h. Blue formazans were eluted from cells by adding 100 ml of DMSO under gentle shaking and absorbance was determined at 570 nm using an enzymelinked immunosorbent assay reader (SpectraMAX; Molecular Devices, Sunnyvale, California, USA).
Cell viability
Cell viability was determined by the Trypan blue dye exclusion assay. A cell suspension was prepared using brief trypsinization. One hundred microliters of cell suspension was mixed with 100 ml of 1% Trypan blue solution and left for 5 min at room temperature. The stained (dead) cells and the total cells per square of the cell chamber (four squares per suspension) were counted under a microscope (Olympus, Tokyo, Japan).
Determination of DNA fragmentation
Genistein-treated or nontreated cells were harvested, washed twice with PBS and treated with lysis buffer [500 ml, 20 mmol/l Tris-HCl (pH 8.0), 5 mmol/l ethylenediaminetetraacetic acid, 400 mmol/l NaCl, 1% sodium dodecyl sulfate (SDS) and 10 mg/ml proteinase K] for 1 h at 551C. Fragmented DNA was extracted with phenol/ chloroform/isoamyl alcohol (25:24:1 v/v/v), precipitated with ethanol and resuspended in Tris-ethylenediaminetetraacetic buffer (pH 8.0) containing 20 mg/ml RNase A. After quantitative analysis of DNA content, an equal amount of DNA was separated in 1.5% agarose gels. DNA in gel was visualized under ultraviolet light after staining with ethidium bromide.
Protein extraction and Western blot analysis
MCF-7 cells harvested from six-well plates were washed twice with ice-cold PBS and treated with lysis buffer [100 ml, 50 mmol/l Tris-HCl (pH 7.5), 150 mmol/l NaCl, 1 mmol/l ethylene glycol-bis (b-aminoethyl ether) N,N,N 0 ,N 0 -tetraacetic acid, 1 mmol/l NaF, 1% Nonidet P-40, 1 mmol/l phenylmethylsulfonyl fluoride, protease inhibitor cocktail (Sigma)] for 30 min at 41C. Protein extracts were collected after centrifugation at 14 000 rpm for 10 min. Protein concentration was determined using Bio-Rad protein assay kit (Hercules, California, USA). An equal amount of protein extracts were resolved by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidine diflouride membranes (Amersharm, Piscataway, New Jersey, USA). Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline Tween-20 (TBST) [10 mmol/l Tris-HCl (pH 8.0), 137 mmol/l NaCl, 0.05% Tween-20 (v/v)] for 2 h and probed with primary antibodies. After washes with TBST (2 Â), membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 2 h. Membranes were washed (3 Â) and the chemiluminescent signals were visualized with an enhanced chemiluminescence reagent (ECL; Pierce, Rockford, Illinois, USA) as described in the manufacturer's manual. All antibodies used in this experiment were purchased from Cell Signaling (Beverly, Massachusetts, USA). For Western blot and autoradiogram images, band densities were measured using Image acquisition and analysis software version 4.5 (UVP; Upland, California, USA).
Calpain activity assay
Calpain activities were determined using the InnoZyme calpain activity kit (Calbiochem, San Diego, California, USA) with a minor modification. Total cell lysates were prepared as described above. Protein extracts (50 mg) were mixed with 4 nmol calpain substrate (DABCYL)-TPLKSPPPSPR-(EDANS) and incubated for 30 min at room temperature with gentle shaking. Changes in fluorescence were measured at an excitation wavelength of 320 nm and an emission wavelength of 480 nm with a fluorescence microplate reader (Geminin EM; Molecular Devices; Sunnyvale, California, USA).
Determination of reactive oxygen species generation
The generation of intracellular ROS by genistein or hydrogen peroxide was measured based on intracellular peroxide-dependent oxidation of 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma; St Louis, Missouri, USA) to the fluorescent compound 2 0 ,7 0 -dichlorofluorescein (DCF) as described previously [34] . Cells were seeded onto 24-well plates at a density of 5 Â 10 4 cells per well and cultured for 24 h. After washing with PBS, fresh medium containing 100 mmol/l genistein or 1 mmol/l H 2 O 2 was added and incubated for 12 h. Cells were incubated with 20 mmol/l of DCFH-DA for 30 min at 371C, rinsed with PBS and 2 ml of PBS was added to each well. The fluorescent intensity was determined using fluorescence microscope (Carl Zeiss, Gaottingen, Germany).
Statistical analysis
Experiments were performed three times and statistical analysis was conducted using Student's t-test for significance between the different values. Data were expressed as means ± SD and P < 0.05 was considered significant.
Results
Genistein induces apoptosis in human breast cancer MCF-7 cells
Genistein-induced MCF-7 cell growth inhibition was determined using the MTT assay. Genistein showed 50% cell growth inhibition (IC 50 ) at 27.5 ± 0.8 mmol/l (Fig. 1a ) that was higher than that of a positive control etoposide (IC 50 = 10 ± 0.5 mmol/l). To determine the amount of genistein needed to induce apoptosis in an experimentally reasonable time frame, cells were incubated with 25-150 mmol/l concentrations of genistein for 6, 12, 24 or 48 h and apoptotic DNA fragmentation was analyzed using agarose gel electrophoresis on DNA purified from the cells. At 100 mmol/l genistein treatment, the apoptotic DNA fragmentation was observed after 12 h incubation (Fig. 1b) , whereas 48 h incubation was needed for 50 mmol/l genistein treatment to observe the apoptotic DNA fragmentation (Fig. 1c) , suggesting that genisteininduced apoptotic DNA fragmentation was dose-and time-dependent. Thus, 100 mmol/l concentration of genistein was used throughout the molecular mechanism study involved in genistein-induced apoptosis of MCF-7 cells.
The caspase cascade is involved in genistein-induced apoptosis Activation of caspase 7 in genistein-treated MCF-7 cells was investigated using Western blot analysis (Fig. 2a) . Active caspase 7 (B17 kDa) produced from the cleavage of procaspase 7 (B35 kDa) was observed from 100 mmol/l genistein-treated MCF-7 cells. Furthermore, an increase of the poly(ADP ribose) polymerase (PARP) 85-kDa cleavage form, a marker from caspase cascade-activated apoptosis, was observed in genistein-treated cells (Fig.  2b) . Apoptotic signals to activate caspase 3 or 7 have been suggested to mediate through a caspase activation cascade controlled by one of two distinct pathways that are associated with either caspase 8 or 9 [35] . Activation of caspase 8 or 9, however, was not observed in genisteintreated MCF-7 cells (data not shown).
Dantrolene inhibits genistein-induced apoptosis
We investigated whether or not genistein-induced caspase 7 activation involves Ca 2+ disruption of the endoplasmic reticulum. MCF-7 cells were treated with genistein in the presence of Ca 2+ release inhibitors, dantrolene and thapsigargin. Cells treated with different concentrations of dantrolene for 1 h before a treatment with 100 mmol/l genistein for 24 h showed decrease in genistein-induced caspase 7 activation (Fig. 3) . The presence of dantrolene reversed genistein-induced cell growth inhibition by 20-30% as determined using the MTT assay (Fig. 4) . Thapsigargin, a Ca 2+ -ATPase inhibitor, had no effect on genistein-induced apoptosis in MCF-7 cells (data not shown).
Calpain activities were measured using proteins extracted from genistein (100 mmol/l)-treated MCF-7 cells as described. Genistein-treated cells showed increased calpain activity, whereas those treated with 1 nmol calpain inhibitor Z-LLY-FMK showed decreased calpain activity (Fig. 5a ). Cells incubated with dantrolene for 1 h before the addition of genistein showed decreased genisteininduced calpain activity (Fig. 5b) .
Genistein induces the phosphorylation of p38 mitogen-activated protein kinase
The involvement of MAPK signaling pathways in genistein-induced apoptosis was determined by treating The activation of caspase 7 by genistein is inhibited by dantrolene. MCF-7 cells were treated with the indicated concentrations of dantrolene and 100 mmol/l of genistein for 24 h. Equal amounts of whole-cell extracts were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and caspase 7 was detected by Western blot analysis. b-Actin was used as a control. The bar diagram shows means of relative band intensities from two independent experiments. Maximum intensity was estimated as 100. MCF-7 cells with 100 mmol/l genistein for 0, 3, 6, 12 or 24 h in the presence of phosphorylated p38 MAPK (P-p38 MAPK) or Erk1/2 (P-Erk1/2). The results were analyzed by Western blot analysis using antiphospho-p38 MAPK or antiphospho-Erk1/2 antibody. As shown in Fig. 6 , genistein-induced activation of p38 MAPK was evident after 3 h treatment, whose intensity increased over 24-h periods. Genistein, however, did not change P-Erk1/2 phosphorylation (data not shown). Cells treated with a specific p38 MAPK inhibitor SB203580 (10 mmol/l; Calbiochem) [34] for 1 h before incubation with Dantrolene treatment with genistein increases the cell proliferation of MCF-7 cells. MCF-7 cells were treated with the indicated concentrations of dantrolene and 100 mmol/l genistein for 24 h. Then, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (a) and cell viability assay (b) were performed. Open and closed bars represent 100 mmol/l genistein nontreated and treated cells, respectively. Data are mean ± SD from three independent experiments and each experiment was conducted in triplicate. Genistein increases calpain activity, and it is decreased with dantrolene treatment. (a) MCF-7 cells were treated with 100 mmol/l of genistein for 24 h. Same amounts of cell extracts (50 mg) were incubated with 4 nmol calpain substrate for 30 min, and the increase of fluorescence resulting from the cleavage of calpain substrate by calpain was measured at an excitation and emission wavelength of 320/480 nm. To confirm the fluorescence enhancement caused by calpain activity, a calpain inhibitor (Z-LLY-FMK, 1 nmol) was added to the protein extract-calpain substrate mixture. (b) Nontreated or pretreated MCF-7 cells with 20 mmol/l dantrolene for 1 h were incubated with 100 mmol/l genistein for 24 h and calpain activity was measured as described above. Data are mean ± SD from three independent experiments and each experiment was conducted in triplicate (*P < 0.05).
100 mmol/l of genistein for 6 h showed a significant decrease in genistein-induced phosphorylation of p38 MAPK (Fig. 7a) . SB203580 was able to reverse the genistein-induced cell growth inhibition by 60% (Fig. 7b ). Cells treated with dantrolene for 1 h before adding 100 mmol/l genistein for 12 h also showed a decrease in genistein-induced P-p38 MAPK (Fig. 7c) .
Apoptotic signaling kinase 1 activation is associated with genistein-induced apoptosis of MCF-7 cells
Genistein's potential involvement with the ASK1-p38 MAPK activation cascade was investigated. MCF-7 cells were treated with 100 mmol/l of genistein for 0, 1, 3, 6, 9, 12 and 24 h, and the degree of ASK1 activation was observed by Western blot analysis using antiphospho-ASK1 antibody (Fig. 8a) . ASK1 activation was observed 1 h after genistein treatment, with the maximum activation peaking at 9 h. Genistein-induced ASK1 activation that relates to Ca 2 + release was investigated by treating the cells with 100 mmol/l genistein and dantrolene. Genistein activated ASK1, whereas dantrolene retarded the genistein-induced ASK1 activation (Fig. 8b) .
Genistein does not induce reactive oxygen species generation in MCF-7 cells
The generation of intracellular ROS by genistein in MCF-7 cells was evaluated using intracellular peroxidedependent oxidation of DCFH-DA. Cells were treated with H 2 O 2 (1 mmol/l) as a positive control and compared with genistein-treated cells. Fluorescent DCF from 1 mmol/l H 2 O 2 -treated cells was observed as expected, whereas 100 mmol/l genistein-treated cells did not show any DCF fluorescence (data not shown). Cells were also treated with genistein or H 2 O 2 in the presence of Nacetyl-L-cysteine (NAC) for 1 h to show that the addition of NAC effectively protected cells from H 2 O 2 -generated ROS, whereas genistein-induced cell growth inhibition was not affected (data not shown).
Discussion
In this report, we investigated molecular mechanisms involved in genistein-induced apoptosis using human breast cancer MCF-7 cells. Genistein was found to inhibit 50% cell growth at IC 50 = 27.5 ± 0.8 mmol/l using the MTT assay (Fig. 1a) . As the MTT assay is a technique to measure the cell viability that does not necessarily reflect apoptosis, the effective amount of genistein to induce apoptosis was determined using 50 and 100 mmol/l genistein, and observing the apoptotic DNA fragmentation over 12, 24 and 48 h of treatment (Fig. 1b and c) . At 100 mmol/l of genistein with 24 h incubation was determined to be reasonable dose and condition for our genistein-induced apoptosis study using MCF-7 cells.
Apoptosis mechanisms have been shown to involve dosedependent activations of caspase 3, 8 and 9, or alternative expression of Bcl-2 family proteins that act in either a proapoptotic or an antiapoptotic manner to regulate the release of cytochrome c from mitochondria. Caspase 3 was shown to stimulate caspase 8-mediated cell surface death receptors and caspase 9-mediated perturbation of mitochondria. As MCF-7 cells do not possess caspase 3, however, owing to 47-base pair deletion in the caspase 3 gene [36] , caspase 7, a caspase 3 subfamily, has been shown to be involved in the apoptosis of MCF-7 cells [37, 38] . In our investigation, activation of caspase 7 and PARP was observed in Western blot analysis of 100 mmol/l genistein-treated MCF-7 cells (Fig. 2a and b) . Bcl-2 or Bax protein levels remained constant regardless of genistein treatment, whereas the genistein-induced caspase 7 activation cascade did not involve caspase 8 or 9 (data not shown). These results suggested that genistein-induced apoptosis occurs through the activation of caspase 7, instead of in a proapoptotic or antiapoptotic manner that is regulated by the release of cytochrome c from mitochondria. Caspase 3 or 7 could also be activated by caspase 12 activation cascade, which is induced by endoplasmic reticulum stress [39] . Genistein has recently been reported to induce Ca 2+ -mediated, calpain/caspase 12-dependent apoptosis in MCF-7 cells [21] . Genistein treatment of MCF-7 cells resulted in an increase of intracellular Ca 2+ concentration through depletion of the endoplasmic reticulum Ca 2+ stores [21] . Genistein treatment of MCF-7 cells activated calpain (Fig. 5a) , whereas dantrolene, a drug that inhibits Ca 2+ release from its intracellular stores by blocking the ryanodine receptor/calcium release channel [40] , inhibited the activation of calpain and genisteininduced caspase 7 (Figs 3 and 5b) . Genistein-induced apoptosis was also retarded by the addition of dantrolene ( Fig. 4a and b) . These results suggest genistein-induced apoptosis in MCF-7 cells is perhaps associated with the calpain-caspase 7 signaling pathway. Although MCF-7 cells have not been known to express the ryanodine receptor, dantrolene was shown to decrease Ca 2+ presented in cytoplasm (data not shown) and was used to effectively inhibit genistein-induced calpain activity. This inhibition was thought to be mediated by the disruption of Ca 2+ release induced by genistein treatment. These results suggested that genistein-induced caspase 7 activation in MCF-7 cells involves the activation of calpain, which has been known to be induced by Ca 2+ depletion of the endoplasmic reticulum. Thus, genistein-induced apoptosis in MCF-7 cells is suggested to be associated with calpain/caspase 7 signaling pathway.
Although genistein treatment did not show any change in phosphorylation of Erk1/2 in MCF-7 cells (data not shown), a gradual increment of P-p38 MAPK in timedependent manner was observed (Fig. 6 ). SB203580, a specific inhibitor of p38 MAPK, blocked the genisteininduced activation of p38 MAPK (Fig. 7a ). SB203580 treatment was also able to reduce genistein-induced apoptosis (Fig. 7b) . These results suggested that p38 MAPK activation is critical for genistein to induce apoptosis in MCF-7 cells. Activation of p38 MAPK by genistein is thought to be a distinctive characteristic for MCF-7 cells. Genistein was shown to differently regulate the activation of Erk1/2 or p38 MAPK according to cell types [41, 42] . Genistein inhibited prostate epithelial cell proliferation by inactivating Erk1/2, but induced apoptosis in neuronal cells by enhancing activated Erk1/2. The activation of p38 MAPK by genistein was, however, not observed in these cells. p38 MAPK was able to be activated by the increase of intracellular Ca 2+ [24] . When MCF-7 cells were treated with genistein in the presence of dantrolene, genistein-activated p38 MAPK level was retarded (Fig. 7c) . These results suggested that genistein-induced p38 MAPK activation is affected by the increase of intracellular Ca 2+ released from the endoplasmic reticulum.
ASK1 has been shown to be involved in Ca 2+ -induced p38 MAPK activation [23] . As shown in Fig. 8a , phosphorylation of ASK1. Genistein treatment was shown to enhance phosphorylation of ASK1. Dantrolene, however, retarded this ASK1 enhancement (Fig. 8b) . Thus, the activation of ASK1 involved in the genistein-induced apoptotic process of MCF-7 cells was related to Ca 2+ release from the endoplasmic reticulum. Although ASK1 has been reported to induce apoptosis in various cells through mitochondria-dependent caspase activation [24] [25] [26] , caspase 9 activation or changes in Bcl-2 and Bax protein levels were not detected in genistein-treated MCF-7 cells; instead, genistein-induced ASK1 activation that influences p38 MAPK activation was suggested.
As ROS have been suggested to activate ASK1 [27, 29] , potential involvement of ROS in genistein-induced activation of the ASK1-p38 MAPK cascade was investigated. DCF, a fluorescent compound that is generated from peroxidase-dependent oxidation of DCFH-DA, was not detected in genistein-treated MCF-7 cells. Cell growth inhibition by genistein was not recovered by a treatment with a ROS trapping agent NAC (data not shown). These results demonstrated that genistein does not involve ROS generation to induce the ASK1-p38 MAPK activation cascade, which involves Ca 2+ release from the endoplasmic reticulum to induce apoptosis.
In summary, we investigated the molecular mechanisms related to genistein-induced apoptosis in MCF-7 cells. We demonstrated that genistein-induced apoptosis was mediated through the activation of the calpain-caspase 7 cascade by Ca 2+ released from the endoplasmic reticulum. We further demonstrated that genistein also achieved apoptosis of MCF-7 cells by activating ASK1 and p38 MAPK through Ca 2+ release from the endoplasmic reticulum. The phosphorylation of apoptosis signaling kinase 1 (ASK1) is induced by genistein and dantrolene reduces its phosphorylation by genistein.
(a) MCF-7 cells were treated with 100 mmol/l genistein for the indicated times. Equal amounts of whole-cell extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and phospho-ASK1 was detected by Western blot analysis. (b) MCF-7 cells were treated with either dantrolene or genistein alone and in combination for 9 h. Equal amounts of whole-cell extracts were separated by SDS-PAGE and phospho-ASK1 was detected by Western blot analysis. b-Actin was used as a control. The bar diagram shows the mean of relative band intensities from two independent experiments. Maximum intensity was estimated as 100.
